I. INTRODUCTION
The Global Positioning System (GPS) is comprised of a constellation of 24 satellites in four orbital planes about the Earth [1] [2] [3] [4] . Since full operational capability of the GPS has been announced, applications of the GPS have been growing exponentially due to the system accuracy, global coverage, and reliability. However, already military [5] and civilian [6] users of the GPS are requesting position and time transfer accuracy beyond that of the original design requirements [2] . To improve GPS accuracy the basic underpinnings of the system must be revisited, including basic physics, time transfer/steering techniques, and current algorithms used to operate the GPS. In this work, we investigate correlations in time difference between the official Department of Defense reference standard, the U.S. Naval Observatory (USNO) Master Clock, and GPS time, as determined from single satellite time transfer [7-111. The GPS is based on measurement of the pseudorange, which is the phase of the pseudorandom noise (PRN) code that is broadcast from a satellite [l, 121. This phase corresponds to the time of flight of the signal from satellite to receiver (modulo the code period). The measured pseudo-range from four satellites can be used to determine the user's time and position, relative to the known positions of the satellites in the GPS constellation [l] . If all satellite clocks were "perfectly synchronized" [7, 10, [13] [14] [15] with each other, and the user's clock was "perfectly synchronized" with the satellite clocks, then the light travel time from three satellites would in principle provide sufficient information to determine the user's position in three-dimensional space [3, 4, 161. In practice, there is some offset between the user's clock and each of the satellites' clocks. This offset is determined during the measurement process, if pseudo-range measurements are made to four or more satellites. Alternatively, if we know the user's position, and we have the correct time (such as given by the USNO Master Clock) then the time difference between our clock and GPS can be obtained from GPS by acquiring the navigation message (which contains the satellite ephemeris) and by measurement of the pseudo-range to one satellite [ 171. This is the type of measurement that is routinely made by the USNO when GPS time is compared with time on the Master Clock [ 171.
The GPS epoch is 0000 UT (midnight) on January 6, 1980. GPS time is not adjusted by the addition of leap seconds and is therefore offset from Coordinated Universal Time (UTC) by an integer number of seconds, plus some tens of nanoseconds. As of January 1, 1996, GPS time is ahead of UTC by 11 s. The relation between GPS time, tGps, and the best estimate of UTC(USN0) as obtained from GPS, tuTc, is given by C20, 211 tUTC = tGPS -AtUTC the same as that of a (stationary) coordinate clock in the underlying ECI frame, at the position of the user, having the rate of clocks on the geoid. See [lo] for a detailed discussion of GPS time as coordinate time. Ideally, if all facets of the GPS are implemented correctly, and time transfer is done correctly, then the observed difference between the two sources of time, the USNO Master Clock and GPS, should contain only random measurement errors, but no systematic differences.
DATA ANALYSIS
(') where
where AtLs is the integer leap seconds time offset between GPS and UTC time, and tRT is the reference time for the UTC data. The time scale UTC(USN0) is kept within approximately 100 ns of the international time standard, UTC, which is published by the Bureau International des Poids et Mesures (BIPM).
The USNO Master Clock is a hydrogen maser that provides the best real-time estimate of the UTC(USN0) time scale. Hydrogen masers are very stable over short time periods such as a week. USNO'S current Sigma Tau hydrogen masers [STSC Model 2010 ] exhibit a time domain maimim instablility of 3.0 x 10,000 s. However, the Master Clock is steered to the UTC(USN0) time scale, which itself is based on an ensemble of dozens of cesium clocks and five to ten hydrogen masers. Consequently, the UTC(USN0) time scale is very stable. Its rate does not change by more than about 100 ps per day, from day to day.
GPS time is steered to UTC(USN0). During the last several years, these times have been kept within a few hundred nanoseconds. However, data from single frequency receivers indicate that there is a diurnal variation in the time difference between GPS and UTC(USN0) times [18, 191. In this work, we are investigating the residuals of differences between UTC(USN0) Master Clock time and GPS time, as Seen through individual GPS satellites, after correcting each satellite clock by using the broadcast ajo, a j l , and aj2 parameters [20] .
For the Department of Defense, the USNO Master Clock is the best real-time source of time for the time scale UTC(USN0). This time scale is a realization of coordinate time on the geoid, in the rotating Earth-centered Earth-fixed (ECEF) frame of reference [ 10, 1 I]. As the Master Clock moves through inertial space, its (coordinate) time agrees with the coordinate time on hypothetical coordinate clocks with which it instantaneously coincides in the underlying Earth-centered inertial frame (ECI) of reference, i.e., the rate of coordinate clocks in this ECI frame is set by time on the geoid.' The GPS is intended to keep coordinate time in this ECI frame (modulo leap seconds). Specifically, the GPS time that a satellite provides to a user is intended to be Data was obtained from USNO, consisting of time differences between UTC(USN0) and GPS times. The data were collected using the Precise Positioning Service (PPS) via P(Y)-code and consist of all satellites in the GPS constellation [22] . The time period covered by the data is 10 October 1995 to 12 December 1995, which corresponds to Modified J u b n Date (MJD) 50000.00553 to 50063.54009. A receiver manufactured by Stanford Telecommunications Inc., model 5401C (serial number 021), was used to collect pseudo-range data. This is a dual frequency (L1 and L2) P(Y)-code receiver used by USNO to monitor GPS time. The standard tWo-freqUenCy correction for ionospheric delay was made [201. An algorithm internal to the receiver was used to Correct for Propagation delay through the troposphere. The broadcast ephemeris was used from each satellite in the receiver's time transfer computation. Furthermore, two other corrections were made: a Sagnac correction for the Earth rotation, and the relativistic "esinE" correction of the signal emission time due to eccentricity of the satellite orbit [20] .
Each satellite in turn was tracked, and time-transfer data was collected every 6 s, over a track period of 780 s (13 min) [22] . A least squares fit to the 6 s data was done (over the 13 min track period) to obtain one data point, which represents a best estimate of the difference between the USNO Master Clock and GPS time, via the individual satellite, at the given MJD (fraction thereof). The 13 min track period is chosen in order to receive the entire navigation message, which is transmitted every 12.5 min and includes the latest ionospheric and UTC information. The data consist of 5623 points total, which corresponds to approximately 89 points per day. The rms deviations for the 13 min track data points are on the order of 2 to 10 ns.
A plot of the original data, consisting of the time difference between the USNO Master Clock and GPS time versus the MJD, is shown in Fig. 1 . Over the 63 days of data, the time difference varies from term variation in the data reflects the complicated response of the GPS to time steering, which includes for periods of 1000 to ' The ECI frame that we are referring to is not a true inertial frame of reference, as is commonly used in special relativity. This -40 ns to $-50 ns. The long ECI frame is described by a Schwarzschild-like metric with a transformed coordinate time. the Kalman filter process run at the Master Control Station in Colorado Springs and the response of other sub-system components. There is a gap in the data during the period MJD 5001 1.45177 to 50012.46282, due to data aquisition difficulties. Fig. 2 shows a subset of the same data over the time period MJD 50020 to 50028. A salient feature of the data is the scatter of points, on the order of 30 ns peak-to-peak. This scatter is due to a combination of effects [I] , including noise in the receiver electronics Fig. 3 shows an eleven point average of the data in the time period MJD 50020 to 50028. A diurnal oscillation of magnitude 18 ns to 20 ns peak-to-peak is clearly present. The physical origin of this diurnal variation is not well understood. Workers in the field [ 181 have proposed a variety of reasons to explain this behavior, including broadcast ephemeris errors, multipath errors, incorrect receiver antenna phase center coordinates, the fundamental accuracy limit of the clocks on the Block I1 satellite vehicles, poor thermal control of the clock systems (on the ground and in the satellites), inaccuracies in modeling of the ionosphere and troposphere, and that relativistic effects in the GPS have not been accounted for properly.
A. Fourier Transform
We search for periodicity in the data by performing a Fourier transform using a fast Fourier transform (FFT) algorithm. The F F I algorithm [23] Fig. 3 . Original data, smoothed by taking average of eleven points, for time period MJD 50020 to 50028. Diurnal oscillation of (peak-to-peak) magnitude of 18 ns to 20 ns is evident.
requires that the data set be uniformly sampled in time, however, the original data set is not uniformly sampled. Therefore we fit a cubic spline to the original data set and resample the data at a uniform sampling rate A = ti+l -t, = 0.002 day, where t, is the time of the ith resampled data point. The sampling rate of the original data varied in the approximate range 0.009 to 0.013 day, so we have lost essentially no information by resampling the data using a smaller sampling interval. For the Fourier transform H ( f ) of a function h(t) we use the convention A strong peak exists at f = 0.99 15644 day-', which corresponds to a 1.0085 1 day period. Two much weaker peaks are resent at f = 1.99887 day-' and f = 2.01461 day-', which correspond to periods 0.500283 day and 0.496374 day, respectively.2 To the accuracy of the frequency separations in our Fourier analysis, these periodicities correspond to approximate periods 1.0 day and 0.5 day. The 0.5 day period is close to the average period of the GPS satellites, which is 11.9664 h = 0.4986 day.3 The discrete frequency spacing prevents determining a more accurate period than given by the spacing between discrete frequencies.
B. Correlation Function
In order to more accurately determine the periodicity of GPS time, we compute correlations between successive days of the data. If such correlations exist, they may be due to systematic physical effects, which may warrant further exploration. We designate the original data (USNO Master Clock)-GPS, which are plotted in Fig. 1 , by the function f(mi), where mi are the MJD observation times. In terms of a time variable t , this data is given by a function h(t), defined by
where the time t and MJD i i z are related by 
,(t) =h(to+(m+no)At)[8(t)-B(t-T)]
(8)
where m is the integer part of the MJD 6 that labels the starting time of the data segment, t is a shifted time variable such that t = 0 at the start of the data segment, and B(t) = 1 for t 2 0 and 6(t) = 0 for t < 0.
Note that the function h,(t) is non-zero only over a time interval of length T , which starts at integer MJD m. For any given day, the mean of the data, (USNO Master Clock)-GPS, is not zero. In order to define a normalized correlation function we define a new function that has zero mean e,(t) by subtracting off the mean of h,(t) over the segment of length T e,(t>
where the mean for the data starting on integer MJD n is given by
The functions e,(t) represent the difference data (USNO Master Clock)-GPS, starting on integer MJD n, with the mean for that data segment subtracted off. We now define the normalized correlation function between two data segments of length T , starting on integer MJD m and MJD n, respectively, by
where the normalization constants 4. are given by
The correlation function in (1 2) is dimensionless and is defined so that, if the time differences, (USNO Master Clock)-GPS time, are identical for two data segments, e,(t) = e,(t), then g,,,(O) = 1, i.e., for the case of a function that is perfectly correlated from one day to another, the autocorrelation function g,,,(r) ---f 1 as T -+ 0. For increasing values of T , g,,,(T) decreases for two reasons. First, the data is not correlated at times T > 0, which leads to a sharp decay of g,,n(T). The second reason that g,,,(T) decreases for increasing values of T is that the functions en(t) and e,(t -7) have a decreasing overlap for increasing T . This effect in g,,n+l(T) is not significant since, for example, for two constant functions with finite support, g,,,, ( r ) would decay approximately linearly with r , whereas we are interested in sharp peaks in the correlation function.
From the data, we have computed the function gn,n+ ( r ) , which is a correlation function between two successive days of the data, Le., using data segments where T =1 day. When the data on two successive days are completely uncorrelated, we expect gn,n+l(T) for T N 0 to be small. Inspection of each correlation function shows that there is a large systematic correlation near 7 = 0 in all cases. The time 7 = 0 corresponds to correlations with a period of 24 h. It is in principle possible that a finite sample of 25 successive-day correlation functions would show such correlations even though they do not exist, however, such an event is highly improbable. In Fig. 5 we show the algebraic average, -25 n= 1 of the 25 correlation functions. This averaging smooths out some of the fluctuations that result from using a finite data set. The averaged correlation function, ( g n , n + l (~) ) , has a peak value of 0.52 at T = 0.0030 day, which is 4.32 min. Since we are taking correlations between successive days, this means that the correlation peaks at 24 h 4.32 min, which is in good agreement with the average "24 h" GPS satellite period, which is 24 h 4.032 min (see footnote 3).
In the above computations, we have computed correlations between two successive days. The results indicate that there are large correlations at approximate delay time 23 h 56 min, indicating that there is a periodicity in GPS time with respect to USNO Master Clock, over one day time. Using the correlation technique, we can study how long these correlations persist in time. In order to do this, we compute the autocorrelation function gn,,(7), defined in (12), for a five day segment of data, T = 5 days, from MJD n = 50020 to n = 50025. This function gn,,(7) is shown in Fig. 6 . Strong peaks are seen at approximately one day intervals, indicating that the correlation at delay time 23 h 56 min persists for four days. This "long term memory" may be the result of long time constants present in the Kalman filter process, or systematic errors in the GPS .
Several sources for these correlations can be suggested, including incorrect coordinates of the receiver's antenna phase center, errors in the GPS program code and improper physical models used to run the system. The strong correlation at the 24 h GPS satellite period suggests that there are some physical effects at work.
At present, the source of these effects is unknown.
Ill. SUMMARY
The USNO Master Clock keeps the official time for the Department of Defense. Both the USNO Master Clock and the GPS are intended to keep coordinate time in the ECI (and ECEF) frames of reference [lo] . Ideally, both the USNO Master Clock and GPS are intended to keep the same time scale (modulo leap seconds), and hence, if time transfer is done properly, the time difference should be zero or a random function of time with no correlations.
We have obtained time transfer data consisting of the difference between USNO Master Clock time and GPS time. A two-frequency P(Y)-code keyed receiver was used to obtain the data and the standard two-frequency algorithm was used to correct for ionospheric delay [20] .
We computed a Fourier transform of the data. Numerous sharp peaks are evident in the Fourier spectrum. A strong peak in the Fourier amplitude is seen corresponding to approximately a 24 h period. Two much weaker peaks are seen, corresponding to approximately 12 h periods. In order to more precisely determine the period near 24 h, we have performed a correlation function analysis of the data. There is a peak in the average correlation function equal to 0.52 at delay time of 23 h 56 m, which is the average 24 h GPS satellite period. This large correlation indicates that GPS time, as seen by the USNO in time transfer, is periodic with respect to the USNO Master Clock. An autocorrelation of a five day segment of data shows that these correlations persist for four successive days. The observed periodicity in GPS time indicates that there are systematic physical effects which are not adequately modeled in the GPS.
Further investigations to determine the origin of these effects may lead to improvement in overall GPS performance.
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